Purpose When integrating molecularly targeted compounds in radiotherapy, synergistic effects of the systemic agent and radiation may extend the limits of patient tolerance, increasing the demand for understanding the pathophysiological mechanisms of treatment toxicity. In this Pelvic Radiation and Vorinostat (PRAVO) study, we investigated mechanisms of adverse effects in response to the histone deacetylase (HDAC) inhibitor vorinostat (suberoylanilide hydroxamic acid, SAHA) when administered as a potential radiosensitiser.
Introduction
Combined-modality therapies comprise the future of cancer medicine, and recent developments in radiobiology have made integration of molecularly targeted therapeutics in clinical radiotherapy increasingly conceivable [1] . One example is the combination of radiation with histone deacetylase (HDAC) inhibitors. Inhibition of HDAC enzymes increases histone acetylation, leading to modification of chromatin structure and changes in gene expression [2, 3] . However, the exact mechanisms by which this class of drugs enhances therapeutic DNA-damaging effects, including those from radiation, remain to be understood. Nevertheless, it is assumed that they comprise cell cycle arrest, DNA damage repair and apoptosis [4] [5] [6] . Adding to the complexity of HDAC inhibitor mechanisms is the fact that they are not solely targeting histones, but also other signalling proteins [7] . While histone acetylation occurs in both normal and tumour cells, it has been contended that HDAC inhibitors selectively affect the latter [8] [9] [10] .
Within the context of combined-modality therapy, the enhanced efficacy of radiation combined with a radiosensitising agent may reflect a therapeutic dose at the brink of patient tolerance. Furthermore, evaluating the treatment toxicity that arises from the systemic component (e.g., the radiosensitiser) is challenging, especially if its toxicity profile is indistinguishable from normal tissue effects in the radiotherapy target volume [11] . In this context, sampling of a non-irradiated surrogate tissue may enable investigation of the targeted agent's mechanism-of-action which is both separate from radiation-induced molecular perturbations and representative of normal tissue responses to the particular compound.
The Pelvic Radiation and Vorinostat (PRAVO) study for symptom palliation in advanced gastrointestinal cancer was first to evaluate the therapeutic use of an HDAC inhibitor in clinical radiotherapy [12] . This phase I study evolved from a preclinical investigation of tumour radiosensitisation by HDAC inhibitors in experimental colorectal carcinoma (CRC) models [13] [14] [15] [16] . Sequential patient cohorts were exposed to escalating doses of vorinostat combined with fractionated radiotherapy to pelvic target volumes. Because common side effects of vorinostat single-agent therapy include intestinal toxicities [17] , the primary objective of this study was to determine tolerability to vorinostat in combination with pelvic radiation [12, 18] . In addition, the peripheral blood mononuclear cells (PBMC) of patients were sampled before and after vorinostat administration to explore molecular markers of vorinostat action through PBMC gene expression analysis. We previously showed that the expression kinetics of several genes encoding DNA damage response factors involved in clinical radiation sensitivity [19] reflected the appropriate timing of vorinostat administration in the fractionated radiotherapy protocol [20] .
To better understand mechanisms of normal tissue adverse events, the PBMC gene expression profiles were reanalyzed with respect to vorinostat dose and reported toxicities within the study protocol as assessed by the Common Terminology Criteria for Adverse Events (CTCAE) scoring. Vorinostatspecific dose-limiting toxicity (DLT) in terms of CTCAE grade 3 intestinal adverse events was observed at a dose of 400 mg [12, 18] , and the present analysis revealed significant alterations in gene expression solely in this patient cohort. Because induction of genes involved in cell death processes was amongst the major PBMC responses, the hypothesis that apoptosis might be a fundamental process in vorinostatinduced toxicity was tested experimentally in vitro using both normal and CRC cell lines, and further functional endpoints were examined in an in vivo mouse model. In particular, the use of intestinal epithelial cells was considered essential in the light of the reported intestinal events [12, 18] .
Materials and Methods

Ethics, consent, and permissions
This PRAVO study (ClinicalTrials.gov NCT00455351) was approved by the Institutional Review Board and the Regional Committee for Medical and Health Research Ethics (reference number REK S-06289) and performed in accordance with the Helsinki Declaration. Written informed consent was required for participation. Housing and all procedures involving research animals were developed according to protocols approved by the Animal Care and Use Committee at the Department of Comparative Medicine, Oslo University Hospital (reference number 885-2616-2919-2928-3688), in compliance with the National Committee for Animal Experiments' guidelines on animal welfare.
Patients and study objectives
The principal eligibility criterion was histologically confirmed pelvic carcinoma scheduled to receive palliative radiation to 30 Gy in 3-Gy daily fractions. Other details regarding eligibility are given in the initial report [12] . This dose-escalation study adopted a phase I conventional 3+3 expansion cohort design in which patients with advanced gastrointestinal carcinoma were enrolled onto four sequential dose levels of vorinostat (Merck & Co., Inc., Whitehouse Station, NJ), starting at a daily dose of 100 mg with dose escalation in increments of 100 mg, given 3 hours (at 9 AM) before the daily radiotherapy fraction (at 12 PM) [20] . The primary objective was to determine the tolerability to vorinostat, defined by the DLT and maximum-tolerated dose, when administered concomitantly with palliative radiation to pelvic target volumes. Amongst secondary objectives was the identification of possible biomarkers of treatment toxicity. The study data describing patient treatment tolerability, tumour histone acetylation following vorinostat administration and radiologic treatment response, as well as the initial exploration of mechanisms of vorinostat activity, have been reported previously [12, 18, 20] .
Patient blood sampling and RNA isolation
Tubes (Qiagen Norge, Oslo, Norway) and collected at baseline (before commencement of the treatment) and on-treatment (day 3), 2 hours (at 11 AM) and 24 hours (at 9 AM) after the patient received the preceding daily dose of vorinostat (at 9 AM) [20] . A full set of three samples was obtained from 14 of the 16 evaluable study patients. The tubes were stored at -70°C until analysis. Total RNA from PBMC was isolated using a PAXgene Blood RNA Kit (Qiagen) according to the manufacturer's protocols. RNA concentration and quality were assessed using a NanoDrop 1000 and Agilent 2100 Bioanalyzer (Thermo Fisher Scientific Norway, Oslo, Norway).
Gene expression microarray analysis
Gene expression analysis was performed using Illumina Human WG-6 v3 Expression BeadChip arrays with 48,000 probes (Illumina, Inc., San Diego, CA), as previously described [20] . The primary array data are available in the Gene Expression Omnibus data repository under accession number GSE46703. Following quality control and pre-processing of the array data, including log2 transformation, differential gene expression analysis of PBMC samples taken before and after vorinostat administration was conducted using the significance analysis of microarrays algorithm and by applying the setting of paired-comparisons with a false discovery rate of 5% [21] . Cluster analysis of the differentially expressed genes was conducted by employing the Euclidean distance method and using the R software v3.1.1 and the pheatmap package (http://cran.r-project.org/web/packages/pheatmap). Gene ontology analysis of the differentially expressed genes was performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.7 software [22] .
Cell cultures
Rat intestinal epithelial cells (IEC-6) were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and grown in high glucose (4.5 g/L) Dulbecco's modified Eagle's medium (Sigma Aldrich, Schnelldorf, Germany) supplemented with 0.1 U/mL bovine insulin (Sigma Aldrich) and 10% foetal bovine serum (Sigma Aldrich). IEC-6 cells were used between passages 17 and 21. Human BJ fibroblasts were purchased from ATCC and grown in Eagle's minimum essential medium modified (ATCC) supplemented with 10% serum. The human CRC cell lines HCT-116 and HT29 were originally purchased from ATCC, and the identities of our laboratory's versions were confirmed by short tandem repeat analysis. These cell lines were kept as previously described [15] . All cell cultures were maintained in a humidified atmosphere under 5% CO2 at 37°C. Treatment with suberoylanilide hydroxamic acid (SAHA; Cayman Chemical, Ann Arbor, MI), the active component of vorinostat, or vehicle (dimethyl sulfoxide) was administered for 24 or 48 hours.
Immunoblot analysis
Protein lysates from both floating and adherent cells (cell cultures) were prepared as previously described [23] . Intestines (mice experiments) were homogenised with a FastPrep-24 instrument (MP Biomedicals, http://www.mpbio.com) three times for 30 seconds each using ceramic beads (MP Biomedicals) and RIPA buffer (Sigma Aldrich) to obtain protein lysates. Equal amounts of protein (20 µg for cell culture lysates and 30 µg for tissue extracts) were separated by 4%-12% NuPAGE Bis-Tris gels (Life Technologies, Carlsbad, CA), transferred by electrophoresis to an Immobilon membrane (Millipore Corporation, Billerica, MA), and probed with the following antibodies: anti-acetyl-histone H3, antipoly-(ADP-ribose) polymerase (PARP), and anti-heat shock protein 70 (Hsp70; Cell Signaling Technology Europe, B.V., Leiden, The Netherlands) and anti--tubulin (Calbiochem/ EMD Chemicals, Inc., San Diego, CA). The peroxidise activity was visualised using SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific Norway). A sufficient amount of lysate from each sample was prepared to run on two gels, and the two blotting membranes were considered identical; thus, proteins of the same size (kDa) were visualised on different membranes. All experiments were performed at least three times.
Flow cytometry analysis of cell death
Cells were seeded in flasks and allowed to grow overnight before medium change and treatment with SAHA or vehicle. Both floating and adherent cells were harvested and stained using the Annexin V Alexa Fluor 488 and propidium iodide (PI) kit (Life Technologies). The samples were analyzed with a FACS Diva flow cytometer (Becton Dickinson, http:// www.bd.com), and data processing was performed with the commercially available FlowJo v7 software (Tree Star, Inc., Ashland, OR). A total of 10,000 cells were analyzed per sample. Cells were considered as early or late apoptotic if they were annexin-V + /PI -or annexin-V + /PI + , respectively, and necrotic if they were annexin-V -/PI + .
Analysis of caspase 3/7 activity
Cells were seeded in 96-well plates and allowed to grow overnight before changing the medium and treating the samples with varying concentrations of SAHA or vehicle. Caspase 3/7 activity was measured using a Caspase-Glo 3/7
Assay kit (Promega, Madison, WI), and chemiluminescence readings were obtained with Fujifilm FLA-5100 (Fujifilm Corporation, Tokyo, Japan).
Animal experiments
Locally bred immunocompetent BALB/c mice, 6-8 weeks old, were allowed to acclimatise for approximately one week before the start of the study. Food and water were supplied ad libitum. SAHA (Selleckchem, Houston, TX) was dissolved in hydroxypropyl--cyclodextrin solution (Sigma Aldrich) at a 1:5 molar ratio. Thirteen mice, five in each treatment group and three in the control group, were administered with either SAHA or vehicle once daily for five consecutive days via oral gavage. The weight of each individual mouse was measured every 24 hours and compared to the starting weight. On day 5 of treatment and 3 hours after the last drug or vehicle administration, the mice were sacrificed and organs were collected for further analysis.
Immunohistochemistry
Intestinal sections were opened longitudinally, rinsed in saline and fixed in formalin. Sections were then rolled in a "Swiss roll" fashion (luminal side outwards) and embedded in paraffin [24] before standard staining with hematoxylin and eosin and examination by a specialist bowel pathologist. A TACS 2 TdT-Fluor In Situ Apoptosis Detection Kit (Trevigen, Gaithersburg, MD) was used according to the manufacturer's instructions to detect apoptotic cells based on terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL). Tissue slides were viewed using an IX81 inverted fluorescencent microscope (Olympus, http://www.olympuslifescience.com). Sections from each group were examined and representative images of intestinal sections were taken for each mouse.
Statistical analysis
Differences between treatment groups were identified by t tests, with p < 0.05 considered statistically significant.
Results
The PRAVO study: vorinostat toxicity
Of 16 eligible study patients, three reported study-specific DLTs, one at the 300 mg dose level of vorinostat and two at 400 mg. These DLTs were all CTCAE grade 3 intestinal and related adverse events [12] . PBMC samples were not available from two cases at the 300 mg dose level, including the patient that experienced DLT [20] . However, in this case, the DLT was determined as an adverse radiation-induced effect rather than a toxic effect caused by vorinostat [18] , so no information about the molecular mechanisms of vorinostatspecific toxicity from PBMC was lost from further analysis. In contrast, all of the DLT events reported at the 400 mg dose level were interpreted as true vorinostat-induced side effects [18] . Since the first study patient who was enrolled (at the 100 mg dose level) experienced no higher than CTCAE grade 1 side effects during the complete follow-up period [12] , enrolment onto the next dose level (200 mg) proceeded directly, in accordance with common manner of conduct of studies with this design. Gene expression data from the single patient at the lowest dose level were omitted from further analysis. Table 1 shows the study population that remained for investigations in the present report.
Transcriptional responses to vorinostat
We previously analyzed gene expression array data from study patients' PBMC sampled at baseline and on-treatment two and 24 hours after the patients had received the daily dose of vorinostat. Since vorinostat-induced tumour histone acetylation was observed at all dose levels (100-400 mg daily) [12] , array data from each of the time points, regardless of the actual vorinostat dose, were analyzed to identify generic molecular indicators of HDAC inhibitor activity [20] . However, we investigated responses at each of the individual dose levels in the current study. Differential expression analysis revealed that profound transcriptional responses were only seen in patients who received the highest dose of vorinostat (i.e., the dose level at which DLTs were reported), and that these gene expression alterations were transient and observed only two hours after the patients had received the drug (i.e., they were restored to baseline at the 24-hour sampling point). Specifically, the number of genes significantly altered two hours after vorinostat administration was 1,294 in the 400 mg cohort, but only five and six in the 200 mg and 300 mg cohorts, respectively. Table 2 lists transcripts that were regulated by 2.5-fold or more, where HSPA1B, encoding a major member of the Hsp70 protein family that has been suggested to promote immunogenic cell death following therapeutic cell stresses [25] , showed the greatest induction in the patient cohort. Fig. 1 illustrates clustering of patients and differentially regulated genes in the highest dose cohort. Gene ontology analysis of the differentially expressed genes showed significant over-representation of a designated repertoire of biological processes (Table 3) . In general terms, induced genes were over-represented in chromatin organisation and cell death categories, with the latter including pro-apoptotic factors, whereas repressed genes were over-represented in gene transcription and RNA processing categories.
SAHA-induced apoptosis
Because induction of HSPA1B and other genes involved in cell death processes was amongst the major PBMC responses at the 400 mg dose level of vorinostat, we investigated whether similar endpoints might be observed in relevant experimental models. To accomplish this, rat IEC-6 intestinal epithelial cells, human BJ fibroblasts and two human CRC cell lines (HCT-116 and HT29) were exposed to SAHA for 24 and 48 hours. Acetylation of histone H3 was observed with a concentration of 2.5 µM, closely corresponding to the peak plasma concentration (approximately 600 ng/mL) observed after oral intake of vorinostat (molecular weight 264 g/mol) [26] , as well as with the supra-pharmacologic concentration of 20 µM for comparison (Fig. 2) . Interestingly, 2.5 µM SAHA for 24 hours caused a significant increase in the percentage of apoptotic phenotypes (annexin-V + /PI -, which is regarded as reversible, and annexin-V + /PI + , which is considered irreversible). This was observed in both CRC cell lines and normal intestinal epithelial cells. In contrast, the BJ fibroblasts showed no enhancement of these features (Fig. 3) . Moreover, assessment of the caspase 3/7 activity as an apoptotic readout revealed significant induction in the CRC cell lines and the normal intestinal epithelial cells following treatment with 2.5 µM and higher concentrations of SAHA for 24 hours, while induction of caspase 3/7 activity was only seen at 20 µM in BJ cultures (Fig. 4) . Furthermore, as shown in Fig. 2 , there was no sign of PARP cleavage in BJ cells; however, in the CRC cell lines, this late-stage apoptotic endpoint was elicited in response to both 2.5 µM and 20 µM SAHA, which was also the case in the IEC-6 cells treated with the higher of the two concentrations. 
In vivo SAHA effects
Following daily SAHA (100 or 200 mg/kg) or vehicle administration for 5 days, intestinal sections were collected 3 hours after the last treatment and evaluated for possible organ effects. All of the 13 mice used in this experimental setup accomplished the planned course. As shown in Fig. 5 , SAHA-induced histone acetylation was observed in the intestinal tissue sections. In addition, there was a decline in intestinal expression of the full-length PARP protein, but no evidence of cleaved PARP in one of two investigated mice from the 200 mg/kg group, as well as a slight increase in intestinal Hsp70 expression in both of the investigated mice from the 100 mg/kg group. Moreover, compared with the control group, mice in the 200 mg/kg group showed a significant decrease in body weight with nadir at the start of treatment day 3. However, blinded histopathologic evaluation of tissue rolls of intestinal sections that were sampled 3 hours after drug administration on day 5 revealed no signs of tissue damage, such as epithelial ulceration, erosion, or apoptosis. Finally, TUNEL staining of the sections did not reveal evident changes in DNA fragmentation, which, if present, would have reflected a fulminant apoptotic response in the epithelial lining of the intestinal crypts or villi.
Discussion
The PRAVO study for symptom palliation in advanced bowel cancer was conducted to determine tolerability to the combination of vorinostat with radiation to pelvic target volumes. Because of overlapping and therefore possible synergistic toxicities by the two therapeutic components, the study design implemented a strategy to identify the mechanisms of vorinostat action separately to explore the contribution of this modality within the overall toxicity profile dominated by radiation effects. Using gene expression array analysis of surrogate tissue (PBMC) from study patients, the induction of genes implicated in cell death processes was observed among the top five transcriptional responses at the vorinostat dose level causing CTCAE grade 3 intestinal adverse events. Early apoptotic features at a relevant drug concentration were confirmed as functional endpoints in normal intestinal epithelial cells grown in culture, while treated mice showed significant loss of body weight. These experimental data collectively indicate that intestinal epithelial apoptosis may be one fundamental mechanism in the reported DLTs from vorinostat.
Vorinostat-induced transcriptional responses in PBMC involved genes related to chromatin organisation, cell death, gene transcription, and RNA processing, reflecting known molecular signatures of HDAC inhibitors. For example, some of the genes induced in cell death categories included proapoptotic factors that are implicated in HDAC inhibitorinduced apoptosis [9, 27] . The observation that such transcriptional responses were induced in PBMC led to the hypothesis that vorinostat might cause cell death-related phenotypic effects in both normal and cancer cells. Normal intestinal epithelial cells may represent a relevant experimental model for testing acute intestinal-related toxicities, and we used this model together with normal fibroblasts and CRC cell lines to validate the array findings. In all cell line models, histone acetylation was observed following incubation with the pharmacologically relevant SAHA concentration of 2.5 µM [26] , clearly indicating that the compound had inhibited its targets at this concentration. Various functional readout assays indicated that apoptotic indicators were observed in the CRC cell lines and the normal intestinal epithelial cells. This was in contrast to the fibroblasts, which showed no appearance of these apoptotic phenotypes, concordant with previously reported data [9] . However, a shortcoming of utilising fibroblasts is that the model is more relevant for studying late, as opposed to early adverse effects of radiation, which might be the case for other agents as well.
Nevertheless, the results of this study support the notion that vorinostat may induce apoptosis in both normal and malignant epithelial cells of the intestinal mucosal lining. However, upon treatment of mice with SAHA, even though intestinal histone acetylation was observed together with a hard clinical endpoint (weight loss), no morphological or functional signs of apoptotic damage were detected in the epithelial lining of the intestinal crypts or villi. It is worth noting that detection of apoptosis in the intestinal tract could be hindered by the fact that intestinal epithelial cells are shed into the luminal space at the end of their life cycle and not processed by detectable phagocytosis as in other tissues [28] . Alternatively, the intestinal apoptotic response may not have reached an irreversible and complete stage. Notably, the transcriptional response of PBMC following administration of 400 mg vorinostat was transient at 2 hours, but not retrieved as a long-term effect (i.e., at 24 hours). Additionally, in contrast to the CRC cell lines, late-stage apoptotic PARP cleavage was not observed in the IEC-6 cells in response to incubation with the pharmacologically relevant SAHA concentration of 2.5 µM. Similarly, no PARP cleavage, but a decline in the full-length PARP protein and a small increase in the Hsp70 protein associated with therapy-induced immunogenic cell death [25] were observed in intestinal tissue from SAHA-treated mice. The observed endpoints in study patients [12, 18] and SAHA-treated mice likely reflected reversible normal tissue responses to the treatment [11] , which might have been caused by transient and repeat early apoptotic effects in the intestinal epithelium. Recently, SAHA was shown to repress intestinal crypt cell proliferation in experimental models [29] , which may be a central manifestation of toxicity to the drug. Finally, the clinical toxicities must also be interpreted in a wider mechanistic context. Acute radiation-induced adverse effects are commonly manifested within a short time of the treatment completion, typically in tissues with a hierarchical proliferative structure such as the mucosal linings of the intestinal tract [30] . Because of the additional complexity of biological responses to injuries in combined-modality treatments, correlative biomarker studies should preferably be conducted within the context of prospective assessments of side effects [11] . Nevertheless, biomarker development studies could be challenging given the multiplicity of molecular responses to radiation, which justifies the application of multiplex technologies and matched computational tools. Ideally, when searching for biomarkers of treatment toxicity, the normal tissue that best manifests the actual clinical phenotype should be analyzed for causative mechanisms of treatment severity at the individual level. However, since that normal tissue may not always be readily available, a surrogate tissue is commonly accepted as being more feasible for correlative mechanistic analysis at the study population level. Any candidate biomarkers could then be phenotypically validated using relevant preclinical assessment tools, as illustrated in the present study.
Nevertheless, there are limitations to analysing PBMC as target tissue for the systemic agent in the context of concomitant radiotherapy. For example, the possibility of additional systemic effects of the local radiation must be considered. However, in this study, exposed PBMC was sampled both at 9 AM and 11 AM on day 3 [20] . If radiation exposure (daily at 12 PM) [20] had caused molecular perturbations in PBMC, both on-treatment sampling points would likely have displayed differentially expressed genes (compared to baseline) that reflected the two radiation fractions already given. This was not the case as only PBMC collected at 11 AM, 2 hours after vorinostat administration (and solely at the 400 mg dose level), was different from baseline.
Conclusion
The PRAVO study design enabled the identification of vorinostat-induced transcriptional responses, with apoptosis among the major processes, in surrogate tissue from patients at the dose that caused intestinal DLTs. Moreover, in preclinical models, apoptotic phenotypes in cultured intestinal epithelial cells and weight loss in mice following administration of the compound were observed as functional endpoints, which may point to one major pathophysiological mechanism for the intestinal toxicities of vorinostat. This combined clinical safety and translational approach for studying systemic normal tissue responses together with the organ-confined adverse effects in response to radiation may form a template for future early-phase clinical trials assessing molecularly targeted therapeutics combined with radiotherapy.
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